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ABSTRACT 
 
Acid Placement in Acid Jetting Treatments in Long Horizontal Wells. 
(May 2012) 
Hari Sasongko, B. Tech, Bandung Institute of Technology, Indonesia 
Chair of Advisory Committee: Dr. A. Daniel. Hill 
 
In the Middle East, extended reach horizontal wells (on the order of 25,000 feet of 
horizontal displacement) are commonly acid stimulated by jetting acid out of drill pipe. 
The acid is jetted onto the face of the openhole wellbore as the drill pipe is withdrawn 
from the well. The jetting action helps to remove the drilling fluid filter cake and 
promote the acid to penetrate into the formation and form wormholes to stimulate the 
well. However, with very long sections of wellbore open to flow, the acid placement and 
subsequent wormhole distribution and penetration depths are uncertain.  
This study has modeled the acid jetting process using a comprehensive model of 
acid placement and wormhole propagation in a horizontal well. It is presumed that the 
acid jetting tool removes the drilling mud filter cake, so that no filter cake exists between 
the end of the drill pipe and the toe of the well. Correspondingly, the model also assumes 
that there is an intact, low-permeability filter cake on the borehole wall between the end 
of the drill pipe and the heel of the well. The drill pipe is modeled as being withdrawn 
from the well during the acid jetting treatment, as is done in practice.  
 iv 
The acidizing simulator predicts the distribution of acid and the depths of 
wormholes formed as functions of time and position during the acid jetting treatment. 
The model shows that the acid jetting process as typically applied in these wells 
preferentially stimulates the toe region of the horizontal well. Comparisons of the 
simulation predictions with published data for acid jetting treatments in such wells 
showed good general agreement. Based on the simulation study, this study presents 
recommendations for improved acid jetting treatment procedures to improve the 
distribution of acid injected into the formation. 
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NOMENCLATURE 
 
 
ajx = parameter in inflow equation, bbl/min-psi 
Ai =  coefficients in solution matrix 
bjx = parameter in inflow equation, bbl/min 
Bi =  coefficients in solution matrix 
Ci =  coefficients in solution matrix 
d  = internal wellbore diameter, ft 
ff  =  fanning friction factor, dimensionless 
k  =  permeability of reservoir rock, mD 
kd = permeability of  damaged region, mD 
l   = length of reservoir segment, ft 
pD =  dimensionless pressure 
pi =  initial reservoir pressure, psi 
pw = pressure at any point in the wellbore, psi 
PVbt = pore volume for breakthrough, dimensionless 
qR  = reservoir inflow rate per unit length of wellbore, bbl/min/ft 
qw =  wellbore flow rate at any point, bbl/min 
rd = radius of damaged zone, ft 
rw =  wellbore radius, ft 
rwh = radius of wormhole length, ft 
s = skin factor, dimensionless 
 viii 
t =  time, minutes 
tD =  dimensionless time 
Vi = interstitial velocity, cm/min 
Vi-opt = interstitial velocity, cm/min 
V = volume, ft
3
 
x = position of any point in wellbore 
µ = fluid viscosity, cp 
ρ = fluid density, lbm/ft3 
ξ =  ellipsoidal coordinate dimension 
ϕ = porosity, fraction 
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CHAPTER I 
INTRODUCTION 
 
1.1 Research Background 
Horizontal drilling is a technique which has been enthusiastically adopted by the oil 
industry in the past 20 years. The technology of horizontal wells in oil exploration, 
development, and production operations has grown rapidly and now, the drilling 
technology is able to deliver ultra-long horizontal well designs which allow the well to 
have a greater contact area with the hydrocarbon zone and the higher rates or production.  
 Newly drilled horizontal wells normally require acidizing to remove drilling mud 
damage before being put on production. For the ultra-long horizontal well, the efficient 
placement of conventional acids is critical. The difficulty of applying acid (HCl) in long 
horizontal wells to uniformly remove drilling damage has been identified by several 
authors (Brink et al. 2010; Hoch et al. 2010; Ritchie et al. 2010).  In the long horizontal 
well completion type, due to the limitation of Coiled Tubing (CT), acid diversion, or 
foam technology application, Controlled Acid Jetting (CAJ) and Acid Jetting methods 
are considered as the effective solution to stimulate the well. This study is proposed to 
predict the acid placement model of the acid jetting stimulation treatment in the long 
horizontal wells.   
 
 
 
____________ 
This thesis follows the style of SPE Journal. 
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1.2 Literature Review 
In this section, the basic idea of horizontal well technology and stimulation treatments 
required to improved well performance will be reviewed. Many papers and journals are 
available reporting the successfulness of horizontal well technology. 
 
1.2.1 Long Horizontal Well Technology 
Many fields in the world are geologically difficult to be explored using conventional 
technique which sometimes oil is found in thin layers but covers a large area, and 
developing using classic vertical completions will require a vast number of wells and if 
it is in offshore, it will require large number of platforms. For this case, horizontal 
technology is used to reduce number of wells and improve field economic performance. 
Completion methods and well intervention concepts are more complicated that require 
more attention when long horizontal well type is chosen. 
One of the good example for a difficult and marginal field that require 
unconventional well completion strategy is the giant Al Shaheen field in Qatar peninsula 
(Thomasen et al. 2005). The field comprises a series of thin, stacked reservoirs, 
dominated by tight carbonates. Their appraisal study showed discourage results and 
concluded that development was not economically feasible if vertical wells were used. 
The two horizontal wells were drilled in 1993/1994 which both achieved world record 
horizontal lengths and put on test production and indicated the viability of horizontal 
well technology. 
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The successful development of Al Shaheen is achieved by using 20,000+ ft 
horizontal section well. Up to now, about fourteen well records world longest horizontal 
section. Typical of the horizontal well completion configuration in AL Shaheen field is 
shown by next figure (Fig. 1). The completion concept in following figure is also 
showing the combination between Control Acid Jetting and Acid Jetting system. 
 
 
Fig. 1.1 – Typical of the well completion in Al Shaheen field (Brink et al. 2010) 
 
1.2.2 Acid Jetting Stimulation Treatment 
Several papers have been published showing that well completions and intervention 
methods including future well stimulation techniques are an important component in 
field development concept (Brink et al. 2010; Hoch et al. 2010; Ritchie et al. 2010). 
Those parameters will affect reservoir management scenario which also directly 
influences field economic performance. 
In some typical laterally extensive low permeability chalk fields, such as Al 
Shaheen and Dan/Halfdan oil field (Hansen and Nederveen 2002; Lechner et al. 2009; 
Thomasen et al. 2005), matrix acidizing is considered as the most optimum stimulation 
treatment in a long horizontal well completion type. Their study clearly showed that low 
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permeability and formation damage problems during the drilling process require an 
acidizing stimulation treatment prior to production.  
However, stimulating an ultra-long horizontal well is a challenging task. The 
length of the openhole horizontal section and pressure drop along wellbore prevent the 
acid placement reach and stimulate the toe section. Commonly used diversion agent, 
foams, or in-situ-viscosified acids do not work in such ultra-long horizontal. Coiled 
tubing intervention is not an option due the limitation of length of the well. 
The solution that has been implemented is the acid jetting stimulation treatment 
where drillpipe is a workstring along with a dedicated jetting nozzle for a bottomhole 
assembly. The string is run to total depth (TD) through a rotating head mounted above 
the blowout preventer allowing the string to be pulled from the well, under pressure, 
while pumping acid. As the string is retracted, one stand at time, the acid is pumped (up 
to 20 bbl/min) where the combination of rate and pulling speed will determine the 
effectiveness of acid jetting treatment. The nozzle assembly is shown in Fig. 2. 
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Fig. 1.2 – Acid jetting assembly (Ritchie et al. 2008) 
 
As drill pipe is pulled along the wellbore, acid is injected onto the face of the 
openhole and the jetting effect is expected to remove the filter cake by mechanical 
action. At the wellbore section where filter cake is no longer exists, if the wellbore 
pressure is higher than reservoir pressure, some amount of acid will flow into the 
formation, creating wormholes and enhancing formation conductivity. The process is 
repeated for each stand numerous times from the toe to the heel section. 
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1.3 Research Objective and Approach 
The objective of the work is to study the acid placement and wormhole propagation 
model in acid jetting treatments in long horizontal wells.  The model will consider the 
frictional pressure drop along wellbore and calculate wormhole propagation and estimate 
skin performance based on the amount of acid injected into formation. To achieve the 
research objective, this study is following several steps: 
1. Developing a fortran based software that capable of calculating wellbore flow 
model, an interface tracking movement, wormhole length, and skin evolution 
estimation during treatment. 
2. Developing a user friendly VBA Excel based software as an input and output 
interface. 
3. Running the simulation predictions result using published field data for acid 
jetting treatments and presents recommendations for improved acid jetting 
treatment procedures to increase the effectiveness of the injected acid distribution 
into the formation. 
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CHAPTER II 
ACID JETTING MODEL DEVELOPMENT* 
 
2.1 Acid Jetting Model Concept 
As noted in the previous chapter, the expected acid jetting stimulation effect comes from 
the jetting action of nozzle that will remove filter cake and the acid that will dissolve 
carbonate material and create wormhole. Technically, acid is pumped while drill pipe is 
retracted each stand (2 or 3 joints of pipes) at a time, then acid pumping is stopped to 
allow drill pipe sections to be disconnected and laid down. The time from the startoff 
injection until the pipes are disconnected is one cycle in the acid jetting treatment 
process. 
 The following steps were taken to model the acid jetting process: 
 The openhole horizontal section is divided into a series of segments and 
each segment represents one cycle of the jetting treatment (Fig. 2.1). 
 The process of retraction of one stand of drill pipe, which equals one 
cycle of the jetting treatment, is modeled as a single continuous injection 
process at the start point of every segment (Fig. 2.2). The duration and 
amount of acid injection in every segment depends on the drill pipe 
pulling speed and the length of one segment.  
 
__________________ 
*Part of data reported in this chapter is reprinted with permission from “Simulation of 
Acid Jetting Treatments in Long Horizontal Wells” by H. Sasongko, 2011. SPE 
European Formation Damage Conference, Copyright [2011] by Society of Petroleum 
Engineers. 
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 Filter cake is represented by a thin low permeability layer on the borehole 
wall and it is assumed that after one cycle of the acid jetting treatment 
process, the filter cake is completely removed along the treated segment. 
This corresponds to the assumption that the filter cake is removed by the 
mechanical jetting action.  
 
 
Fig. 2.1 – One segment in openhole section represents one cycle of the acid jetting 
treatment process 
 
 
Fig. 2.2 – For one treatment cycle, the acid jetting injection point is assumed 
stationary at the tip of each segment 
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The injected acid amount is controlled by the duration of injection in each cycle, 
and the pumping rate and the drilling string pulling speed are matched to the field 
operation conditions. 
When one cycle of acid jetting is done, the injection point is moved to the tip of 
the next segment and the same process repeated while in the previous segments, filter 
cake is no longer exists. As a new acid jetting cycle process begins, filter cake on the 
face of the borehole is removed by mechanical action, and at the same time, some 
amount of acid will go to the previous segments and flow into the formation creating 
wormhole. The amount of acid that goes into the formation and the length of wormhole 
propagation depend on the pressure inside the wellbore, reservoir properties, and the 
presence of damage around the wellbore. A depiction of this process can be seen in Fig. 
2.3 below. 
 
 
Fig. 2.3 – At the second cycle, acid removes the filter cake in the current segment 
and creates wormholes in the previous segments 
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Based on the concept shown in Fig. 2.3, as the nozzle is pulled away to segment-
3, wormholes also start to grow in the segment-2, and wormhole length in segment-1 
keeps growing while segment-2 is treated. This process is repeated for all segments of 
the well. 
 
2.2 Model Formulation 
In this section, an acidizing model for each cycle in acid jetting treatment will be 
presented. The acid placement model includes an interface tracking function to trace the 
movement of interfaces of different fluids in the wellbore, a wellbore flow model to 
calculate pressure drop and material balance inside the wellbore, and a transient 
reservoir outflow model. This work is developed based on previous work in Mishra et al. 
(2007) and Nozaki et al. (2010). 
 In a field practice, acid flows inside drillpipe through nozzle, removes filter cake 
and will give a chance to some amount of acid flow into the formation creating 
wormhole. To simulate each cycle process in acid jetting treatment, several models have 
been developed. The wellbore model will handle the pressure drop and material balance 
inside wellbore, the interface tracking model will track the interfaces movement between 
different fluids in the wellbore, the transient reservoir flow model, the wormhole model 
to predict the wormhole growth, and the skin model to estimate skin evolution during 
treatment.  
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2.2.1 Wellbore Model  
The wellbore model will calculate the material balance inside wellbore and pressure 
drop along wellbore. It is assume that the fluid used during acid jetting treatment is 
single phase and incompressible fluid. The schematic of the wellbore model is shown in 
Fig. 2.4 below. 
 
 
Fig. 2.4 – Wellbore flow schematic 
 
  
Wellbore pressure is represented by pw, qw represents the flow rate inside 
wellbore and qR is the specific reservoir outflow per unit length. The flow rate changes 
along wellbore is mainly caused by the amount of fluid that flows into reservoir. By 
using material balance concept, this process can be written as, 
        
  
                    (2.1) 
Equation 2.1 implies that the flow rate decrease per unit length inside wellbore, should 
be equal to the specific reservoir outflow, qR (bbl/ft).  
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Pressure drop due to friction factor along wellbore is obtained by assuming a 
steady state flow in a horizontal section and the fluid has a constant density by using 
Fanning equation (Economides et al. 1994), 
   
  
         
          
 
  
          (2.2) 
where pw is in psi, x is in ft, ρ is in lbm/ft
3
, d is in inches, and qw is in bpm. 
 Equation 2.2 will estimate a pressure drop in a horizontal section during the acid 
injection process.  
 
2.2.2 Reservoir Flow Model 
The reservoir flow is calculated by a transient inflow equation with variable injection 
rate (Lee et al. 2003), 
 
    
 
        ∑    
 [            ]   
                      (2.3) 
The Equation 2.3 assumes a transient condition which the wellbore rate and reservoir 
inflow at any location are not constant with time during acidizing process, where, 
   
    
    
   
            (2.4) 
   
 
 
                         (2.5) 
   
            
      
             (2.6) 
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If Eq. 2.3 is divided by l (length of segment), and re-arranging, the transient 
injection rate per unit length of wellbore at time t
n
 can be written as, 
  
            
                 (2.7) 
where, 
    
             
 [  (         )  
 ]
           (2.8) 
    
∑    
 
[            ]
   
      
     (         )
  (         )  
         (2.9) 
The Eq. 2.8 is using oilfield units of bpm/ft for injection rate, mD for 
permeability unit, and cp for viscosity. 
 
2.2.3 Fluid Interface Tracking Model 
The concept of fluid interface tracking model is built based on a model that was 
developed by Eckerfield et al. (1998). The acid displacement model uses a discretized 
solution approach which is integrated with the reservoir flow, wormhole, and skin 
model. Fig. 2.5 shows the schematic of the interface between injected acid and wellbore 
fluid.  
 
 
Fig. 2.5 – Fluid interface movement inside wellbore 
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 By assuming that the interface movement is a piston-like displacement, the 
velocity of an interface located at xint is expressed, 
     
  
 
  
 
|
      
          (2.10) 
In discrete form the location of interface at time (t+Δt) can be written as, 
     |           |    
  
 
|
      
         (2.11) 
where A is the cross-sectional area of flow in the pipe and the Eq. 2.11 is solved by 
discretizing the wellbore into small segments and assuming constant qw over each 
segment.  
 After the fluid interface and the outflow rates in the wellbore are estimated then 
the growth of wormhole during the injection time is determined. Length of wormhole is 
calculated by integrating growth in every small time step. 
 
2.2.4 Wormhole Model 
In carbonates formation, the purpose of acidizing treatment is to dissolve the matrix, 
forming new channels (wormholes) that bypass the damaged areas and lead to the 
wellbore improving the flow condition. These wormholes are formed when the matrix of 
the porous and permeable rock is dissolved by reactive fluids like HCl.  
 Wormholes formation in carbonates has been widely discussed where the 
structure of wormholes depends on many factors such as flow geometry, injection rate, 
reaction kinetics, and mass transfer rate. In this work, two models of the wormholing 
process will be implemented.  
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2.2.4.1 Volumetric Model 
The volumetric wormhole model that had been implemented (Economides et. al, 1994) 
is assumed that a constant fraction of rock volume is dissolved in the region penetrated 
by wormholes. For radial flow, the formula for volumetric model is, 
    √    
 ̅
      
          (2.12) 
where rwh is the radius of the region penetrated by wormholes and  ̅is the volume of acid 
injected per unit length of formation. PVbt is the parameter that represents the number of 
pore volumes of acid required to propagate wormholes through a certain distance which 
highly depends on the rock mineralogy. The PVbt is usually obtained from laboratory 
experiment using a linear core.  
 
2.2.4.2 Buijse Semi-empirical Model 
The wormhole model is using a semi-empirical model presented by Buijse and 
Glasbergen (2005). They developed an improved empirical model which the growth rate 
of the wormhole front is modeled as function of acid velocity in the pores (interstitial 
velocity). In their study, several parameters such as temperature, acid concentration, 
permeability, and mineralogy are not modeled explicitly but are incorporated in the 
model in two constans, Weff and WB. These two values are obtained from the results of a 
core flow experiments in the laboratory.   
 The interstitial velocity, Vi, is the average acid velocity in the pores, defined by, 
   
 
     
           (2.13) 
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with the q is the volumetric acid injection rate, r is the distance of the wormhole tip from 
the center of the wellbore.  
 In the model, the growth rate of the wormhole front, Vwh, is expressed as a 
function of the interstitial fluid velocity (Vi), 
            
 
                (2.14) 
The B-function in above equation describes the compact dissolution regime at low 
values of Vi. The expression for B(Vi) is formulated as, 
   (            
  )
 
          (2.15) 
The expression in Eq. 2.15 shows that at high value of Vi, the B-function is equal to 1 
and has no effect on Vwh in Eq. 2.14. When the Vi is less than the optimum value, Vi-opt, 
the B-function has a value less than 1, and has an inhibiting effect on the wormhole 
growth rate Vwh.  The constant WB is the wormhole B-factor which directly related to the 
optimum injection rate.  
 The pore volumes to break through is expressed by PVbt,  
      
  
   
 
  
   
         
        (2.16) 
In the Eq. 2.16, the constants of Weff and WB are determined experimentally by fitting 
Eq. 2.15 and Eq. 2.16 to the results of core flow test. A simpler method to calculate the 
constants Weff and WB are using the following equations, 
      
      
   
        
          (2.17) 
    
 
      
           (2.18) 
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Both equations give acceptable values for Weff and WB although the accuracy is less 
compared to a direct fit of the curve. 
 The example of the results of data fitting to estimates the value of Weff and WB 
can be seen as Fig. 2.6 below which the fitting procedure is recommended to be done 
numerically. 
 
 
Fig. 2.6 – Typical of coreflood test results and numerical data fit (Buijse and 
Glasbergen 2005) 
 
 The experimentally core flow test is usually used a linear core geometry which 
the interstitial fluid velocity, Vi, is independent of the position in the core (Eq. 2.13).  In 
this case, the wormhole velocity, Vwh, depends only on the injection rate not on the 
position of the wormhole front inside core (Eq. 2.14).  
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For radial geometry, however, Vi is a function of the distance R from wellbore 
and can be express as: 
      
  
     
          (2.19) 
In Eq. 2.19, the wormhole growth will depend on the injection rate and the position of 
the wormhole front in the formation where the Vwh decreases with the increasing of the 
wormhole penetration.    
 
2.2.5 Skin Model 
The skin factor model in this acid placement model is the skin for an openhole 
completion based on Hawkin’s formula (Hawkins 1956). The flow inside the wormhole 
is assumed steady state flow and is considered as infinite conductivity channels 
(Brownscombe and Collins 1950). Fig. 2.7 shows a damaged region of rd, and a 
stimulated region of rwh around an openhole completion with the wellbore radius of rw.  
 
 
Fig. 2.7 – Schematic of near-wellbore zone in an openhole completion 
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 The original permeability around wellbore can be altered due to fines migration 
from drilling and completion fluid. In openhole completions, the wellbore have direct 
contact with the formation and damage skin can cause significant pressure drop and 
reduce the well productivity performance.  
 For the case of rwh < rd, local skin factor can be derived by applying Hawkin’s 
formula (Economides et al. 1994), 
      
 
     
  (
     
      
)    (
     
  
)       (2.20) 
For the case of rwh > rd,  
         (
      
  
)         (2.21) 
where rwh is radius of region penetrated by wormholes at that particular point and is 
calculated from the wormhole model. 
During acid injection process the wormholes are created and propagate into the 
formation. The propagation of wormholes into the formation lowers the skin and 
enhances the productivity of the well. The evolution of skin factors for each type of 
completions are discussed in separate chapter. 
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CHAPTER III 
ACID JETTING SIMULATOR* 
 
3.1 Problem Solution 
This section briefly describes the numerical solution of acid jetting placement in long 
horizontal wells. All models in the stimulation process including wellbore flow model, 
skin calculation, fluid interface tracking, reservoir inflow, wormhole growth, and skin 
evolution were incorporated into a numerical simulator and solved in a discretized 
manner in time and space.  
 The initial and boundary conditions to solve the equations in acid jetting model 
systems, 
 qw(x,0)  = 0           (3.1) 
 pw(x,0)  = pR           (3.2) 
 qw(x,t)  = 0; x ≥ L          (3.3) 
  
The first initial boundary implies that at the initial condition, wellbore flow rate at any 
point is zero. This condition is achieved by assuming that the initial pressure in wellbore 
is equal to the initial average reservoir pressure (Eq. 3.2). The other assumption (Eq. 3.3) 
assumes that there is no lateral flow in the wellbore beyond the toe of the well (x > L).  
 
 
__________________  
*Part of data reported in this chapter is reprinted with permission from “Simulation of 
Acid Jetting Treatments in Long Horizontal Wells” by H. Sasongko, 2011. SPE 
European Formation Damage Conference, Copyright [2011] by Society of Petroleum 
Engineers. 
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When the stimulation starts, the injection rate at heel (x = 0) is defined as 
Equation 3.4 below,  
 qw(0,t)  = qi(t)           (3.4) 
 
The work steps to solve the acid jetting model are: 
1. Dividing the wellbore horizontal section into small segments.  
2. Locate the acid injection point position. 
3. Discretize the injection time into small time steps. 
4. Apply the boundary and initial conditions. 
5. Calculate the initial parameter such as skin value for each segment and fluid 
interface positions.  
6. Calculate the pressure drop and reservoir outflow value and estimate the acid 
movement inside wellbore. 
7. Calculate the volume of acid injected into each segment each time step based on 
pressure drop distribution and fluid interface position.  
8. Based on the injected acid volume and by using wormhole model, the wormhole 
propagation is estimated for each segment. 
9. Calculate the new skin based on the latest wormhole length in previous 
calculation. 
10. Record the current parameters in current acid injection position for all segments 
in horizontal section as a new initial condition for a new acid injection point.  
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The workflow can be simplified and seen as Fig. 3.1 below.  
 
 
Fig. 3.1 – The workflow of acid jetting treatment model at each step 
 
3.2 Acid Jetting Simulator 
The acid jetting simulator is developed by implementing all the models and solutions in 
FORTRAN-90 language program. The software is equipped with the user friendly 
interface program to perform the tasks automatically and to reduce hassle involved while 
analyzing the result. The main simulator program is created as an *.exe file and it reads 
the data from a *.txt input file while the output result file is provided as an *.txt file.  In 
this system, the interface is needed to help user creates a readable input file and extracts 
the result file.   
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 The interface program is made using VBA, excel due to its simplicity and easy to 
use program, and can be seen as Fig. 3.2 below. 
 
 
Fig. 3.2 – The acid jetting simulator interface program 
 
There are 5 input sections in the interface program with the first section is “Start” 
containing the program info and copy right statement. The well configuration data, 
reservoir properties and wormhole model option can be inputted in “Well Configuration” 
section, while the fluid injection properties is placed in “Fluid Properties” section. 
Drillpipe pulling speed and acid injection rate during treatment are defined in the 
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“Treatment Schedule” section with the wormhole performance, skin along wellbore and 
acid injection in horizontal section after treatment can be seen in “Result” section. 
 Following are the steps to run the acid jetting simulator program: 
1. Put the acid jetting executable file and the interface program into the same folder. 
2. Open the excel file, and press the “Start” button to start the program. 
3. Input the well data in the well configuration section, fluid properties and 
treatment schedule then press “Run” to start the acid jetting simulation. 
4. The post treatment result is available in result section where the wormhole 
length, skin performance and acid injection volume along wellbore profile can be 
seen graphically.  
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CHAPTER IV 
RESULT AND DISCUSSION* 
 
4.1 Case Study 
In this section, a case study is performed to see how acid is distributed and affected the 
well performance after the acid jetting stimulation treatment. All data in the example 
case are taken from published paper based on field practice. Acid is injected at target 
volume coverage of 0.5 bbl/ft with the pulling speed of drill pipe is about 50 ft/min.  
 For the wormhole model, the example case uses a value of 0.53 for optimum 
pore volume to breakthrough, PVbt-opt, and value of 1.75 cm/min for optimum interstitial 
velocity, Vi-opt. These values were obtained from a laboratory experiment using 1” x 6” 
core with 15% HCl at 15 
o
F (Furui et al. 2010).  
 Average reservoir pressure data is not available in published papers, the best 
estimation value is then assumed in the example case including filter cake thickness and 
average rock permeability. 
 
 
 
__________________ 
*Part of data reported in this chapter is reprinted with permission from “Simulation of 
Acid Jetting Treatments in Long Horizontal Wells” by H. Sasongko, 2011. SPE 
European Formation Damage Conference, Copyright [2011] by Society of Petroleum 
Engineers. 
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The input data summaries for the example case are presented in Table 4.1 below. 
 
Table 4.1 – Data input 
 Well Data  
 OH Diameter 8.6 inch  
 TVD/MD 5,000/25,000 ft  
 Openhole Section 20,000 ft  
 Average Pr 2,500 psi  
 Filter Cake Thickness 0.1 inch  
 Segment Length 1000 ft  
 Number of Segments 20   
 Reservoir Data  
 Wormhole Model Buijse - Glasbergen   
 Rock Type Limestone   
 Rock Porosity 31%   
 Rock Permeability 5 mD  
 Acid Data  
 Injected Acid Amount 0.5 bbl/ft  
 Pumping Rate 20 bpm  
 Acid Viscosity 1 cp  
 
4.2 Running Result and Discussion 
The distribution of wormhole along the wellbore at the end of each treatment cycle is 
shown in Fig. 4.1 below. It is evident from this plot that wormholes longer than 2 inches 
long were created only in the last 5,000 feet of the wellbore towards the toe.  
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Fig. 4.1 – Wormholes length along openhole horizontal section at each treatment 
 
 The toe section of the well is the first to be stimulated, so it is expected that the 
toe section is the most stimulated zone. Less anticipated are the facts that most of the 
well (up to 75%) receives almost no matrix stimulation other than filter cake removal 
and that the wormholes in the toe section cease growing significantly during the 
treatment. These results are caused by the decreasing flux into the formation as more and 
more of the filter cake is removed by the acid jetting treatment, making the wormholing 
process is very slow. 
 Figures 4.2 – 4.4 clarify this result. Fig. 4.2 shows that the wormhole growth in 
the toe segment is negligible during the final 75% of the treatment. However, as 
indicated in Fig. 4.3, a plot of the toe segment wormhole length versus cumulative acid 
volume injected into that segment shows that the wormhole growth was very small 
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through this latter part of the treatment even though the segment continued to receive 
acid during the entire treatment.  
 
 
Fig. 4.2 – Wormhole length at the toe segment as function of time 
 
The slow wormhole growth throughout most of the treatment is caused by the 
interstitial flux falling well below the optimal value of 1.75 ml/min. For velocities below 
the optimum, the amount of acid needed to propagate wormholes a given distance 
increases dramatically with a decrease in velocity. Fig. 4.4 shows that the acid flux fell 
to less than 0.1 cm/min into the toe segment where the flux will always be the highest of 
anywhere along the well for an acid jetting treatment of a relatively homogeneous 
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formation. This reduced flux results in wormhole growth being orders of magnitude 
below the optimum.  
 
 
Fig. 4.3 – Wormhole length at the toe segment as function of cumulative injected 
acid 
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Fig. 4.4 – Interstitial velocity at the toe segment as function of time 
 
 For the sections of the well away from the toe, by the time these were exposed to 
the acid by the removal of the filter cake, the flux into the formation was too low to 
efficiently propagate wormholes. The stimulation of most of the well was only through 
filter cake removal by jetting, not by matrix stimulation. In fact, the well would have 
been treated just as effectively by replacing the acid with water for the last 75% of this 
treatment.  
 The results shown here are obviously very sensitive to the characteristics of the 
wormhole propagation process, as represented by the optimal interstitial flux and 
optimal pore volumes to breakthrough. If the values of these parameters are decreased, 
as suggested by the results of large core experiments and scale-up procedures           
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(Furui et al., 2010), the results are dramatically improved. Using an optimal PVbt of 
0.147 and an optimal Vi of 0.228 cm/min as presented by Furui et al., for the same acid 
injection conditions, the wormhole distribution shown in Fig. 4.5 is obtained. For this 
case, the entire well has achieved some matrix stimulation. The characteristics of the 
wormholing process are clearly critical information needed to predict the outcome of 
matrix stimulation of carbonates. 
 
 
Fig. 4.5 – Wormholes length along openhole horizontal section PVbt-opt = 0.147 and 
Vi = 0.228 cm/min 
 
If the acid flux becomes too low to efficiently propagate wormholes in the 
formation, face dissolution of the wellbore, resulting in wellbore enlargement, will 
occur. Caliper logs run after acid jetting treatments in Qatar (Ritchie et al., 2010) 
 32 
indicate that significant wellbore enlargement did occur as shown in Fig. 4.6. This 
problem could be mitigated by increasing injection rate if possible as the stimulated 
interval gets longer, or temporarily plugging off the section towards the toe before 
proceeding with more jetting. 
 
 
Fig. 4.6 – Caliper logs run after acid jetting treatments in Al Shaheen  
(Ritchie et al., 2010) 
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CHAPTER V 
SUMMARY AND CONCLUSIONS 
 
5.1 Summary  
We have applied a horizontal well carbonate acidizing model to simulate acid jetting 
treatments that are performed in long openhole sections in carbonate reservoirs. The 
model shows that failure to maintain sufficient acid flux into the formation as longer and 
longer sections are exposed can result in very inefficient matrix stimulation. To maintain 
wormhole growth throughout such a treatment, the acid flux into the formation cannot 
drop too far below the optimal flux value.  
 
5.2 Recommendations 
These results show that acid jetting treatments could be improved by: 
1. Increasing injection rate as more formation face is exposed by filter cake 
removal. 
2. Temporarily plugging off the toe end of the well to increase the flux in the 
section towards the heel. 
3. The study also showed that wormhole creation in the matrix in acid jetting of 
long horizontal wells is very sensitive to the wormholing behavior in the 
rock/acid system. Careful characterization of the optimal wormholing conditions 
for a particular acid system in a particular reservoir would greatly enhance the 
capability to design improved acid jetting treatments. 
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APPENDIX 
 
The schematic of the wellbore model is shown in Fig. A-1. 
 
 
 
Fig. A-1 – Wellbore flow schematic (Mishra et al. 2007). 
 
Since the flow rate changes along wellbore is caused by the fluid flowing into formation, 
using material balance concept, we have: 
 
        
  
                                                                                                         (A-1) 
 
and for steady state flow in horizontal pipe, the pressure drop is (oil field unit): 
  
   
  
         
          
 
  
                                                                                     (A-2) 
 
The reservoir flow model is assumed as a transient flow: 
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 [            ]   
                                                (A-3) 
 
where, 
   
    
    
   
                                                                                                         (A-4) 
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If equation A-3 divided by l (length of segment), and re-arranging, we have the transient 
injection rate per unit length of wellbore at time t
n
 as; 
  
            
                                                                                               (A-7) 
where, 
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Solution approach 
If the wellbore is segmented as in Fig. A-2 below, we can re-write equation A-7 as; 
               
 
          (       )                                                        (A-10)  
for i = 1,2,3,4,5 
             
           
 
                                                                          (A-11)                         
for i = 1,2,3,4,5 and ξi is a function of qw. 
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When the injection rate is specified at the heel, the equations can be reduced into a tri-
diagonal matrix system as: 
(
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where, 
             
             
                    
 
 
Fig. A-2 – Segmented wellbore diagram. 
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